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The molecular mechanisms of angiogenesis in rela-
tion to adipose tissue metabolism remain poorly
understood. Here, we show that exposure of mice
to cold led to activation of angiogenesis in both white
and brown adipose tissues. In the inguinal depot,
cold exposure resulted in elevated expression levels
of brown-fat-associated proteins, including uncou-
pling protein-1 (UCP1) and PGC-1a. Proangiogenic
factors such as VEGF were upregulated, and endog-
enous angiogenesis inhibitors, including thrombo-
spondin, were downregulated. In wild-type mice,
the adipose tissues became hypoxic during cold
exposure; in UCP1/ mice, hypoxia did not occur,
but, remarkably, the augmented angiogenesis was
unaltered andwas thus hypoxia independent. Intrigu-
ingly, VEGFR2 blockage abolished the cold-induced
angiogenesis and significantly impaired nonshivering
thermogenesis capacity. Unexpectedly, VEGFR1
blockage resulted in the opposite effects: increased
adipose vascularity and nonshivering thermogenesis
capacity. Our findings have conceptual implications
concerning application of angiogenesis modulators
for treatment of obesity and metabolic disorders.
INTRODUCTION
Of all tissues in the body, adipose tissues are probably among the
most plastic organs, constantly expanding and regressing de-
pending on metabolic status. Adipogenesis and vascularization
are spatially and temporally linked (Brakenhielm et al., 2004;
Cao, 2007; Folkman, 1995), and the plasticity feature of adipose
tissues thus requires an intimate crosstalk between adipocytes
and vascular endothelial cells, which must coordinately grow,
remain quiescent, or even undergo programmed cell death.
The plasticity of the adipose vasculature presumably reflects
the outcome of the net balance between angiogenic factors
and inhibitors, which collectively determine growth or regression
of the vasculature (Cao, 2007).
The negative health consequences of obesity are presently
believed to a large degree to be the result of inflammatoryresponses inwhite adipose tissue (WAT) occurring in a significant
fraction of the obese population (Ryden and Arner, 2007). There
is reason to believe that one factor involved in the development
of the inflammatory reaction is hypoxia (Trayhurn et al., 2008).
Therefore, the issue of vascularization in adipose tissues may
be of significance in the morbidity of obesity, just as vasculariza-
tion has been shown to be of significance in the acquirement of
the obese state (Brakenhielm et al., 2004; Rupnick et al., 2002).
While WAT is associated with obesity-related morbidities,
brown adipose tissue (BAT) is a thermogenic organ (Cannon
and Nedergaard, 2004), the activity of which can counteract the
obese phenotype. There is currently renewed interest in this
tissue in relation to human obesity based on the recent insight
that also adult man may possess significant amounts of BAT
(Nedergaard et al., 2007). The high thermogenic activity of BAT
requires a particularly high rate of blood perfusion both to supply
O2 and substrates and to export heat. In light of this functional
requirement, BAT contains an extraordinarily high density of
vascular networks (Bukowiecki et al., 1980).
Both WAT and BAT produce various proangiogenic factors,
adipokines, andcytokines that induceneovascularization,mainte-
nance, and remodeling of the vasculature (Cao, 2007). Among all
known angiogenic factors, VEGF plays a pivotal role in the regula-
tion of vasculogenesis, angiogenesis, remodeling, and vascular
leakage under both physiological and pathological conditions
(Carmeliet et al., 1999; Dvorak et al., 1995; Ferrara et al., 1996).
VEGF binds to two tyrosine kinase receptors, VEGFR-1 and
VEGFR-2. The latter has been extensively reported as a specific
receptor for endothelial lineages and mediates most vascular
activities (Eriksson et al., 2002; Olsson et al., 2006; Sato et al.,
2000). During hypoxia, expression levels of VEGF can be upregu-
lated by hypoxia-inducible factor (HIF)-triggered transcription
(Huang et al., 2007; Makino et al., 2001; Ryan et al., 1998). Corre-
spondingly, hypoxia significantly downregulates expression of the
angiogenesis inhibitor thrombospondin (Laderoute et al., 2000).
Here, we have utilized the model system of cold acclimation to
examine the control of vascularization in mouse adipose tissues.
Wehave examined vascularization in themost typical BATdepot,
i.e., the interscapular depot, already well known to be highly
vascularized (Fawcett, 1952), and in the adipose tissue depot
that is generally considered to be the one that displays the
most dramatic transformation from white to ‘‘brownish’’ charac-
teristics due to cold exposure, i.e., the inguinal depot (Cinti, 1999;
Loncar, 1991).Cell Metabolism 9, 99–109, January 7, 2009 ª2009 Elsevier Inc. 99
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Hypoxia-Independent Angiogenesis in Adipose TissueWe find markedly increased vascularization in both adipose
tissues, due to cold acclimation. The tissues also show hypoxia
in the cold, but this hypoxia (which is UCP1 dependent) is not
the factor leading to vascularization. Rather, it is most likely
that the vascularization is directly caused by the cold-induced
increase in sympathetic stimulation of the tissues, which results
in increased VEGF gene expression. VEGF leads to increased
angiogenesis through stimulation of VEGFR-2. VEGFR-1
displays a negative effect on adipose angiogenesis. Through
measurements of sympathetically stimulated metabolism, we
show that the cold-induced angiogenesis is limiting for nonshiv-
ering thermogenesis (NST).
Due to both the suggested significance of vascularization for
the inflammatory responses in WAT of the obese and the
possible significance of brown-fat-derivedNST in the counterac-
tion of obesity, these observations may be of relevance in the
prevention and amelioration of the obese state.
RESULTS
Cold-Induced Angiogenesis in Adipose Tissues
To examine the possibility of cold-induced angiogenesis in
different adipose tissues, adult mice were exposed to 4C for
5 weeks, after which subcutaneous adipose tissues, including
inguinal and subaxillary WAT, were grossly examined; BAT was
examined in parallel. Control mice were maintained at their ther-
Figure 1. Cold-Induced Angiogenic Switch in
Adipose Tissue
Adult C57/Bl mice (four mice per group) were exposed to
4C for 5 weeks or maintained at 30C.
(A) Macroscopic appearance of subaxillary and inguinal
adipose tissues (arrows).
(B) Inguinal WAT and interscapular BAT were stained with
hematoxylin (blue) and eosin (pink).
(C and E) Vasculatures in inguinal white (C) and interscap-
ular brown (E) adipose tissue were revealed by the CD31
staining. Scale bars, 50 mm.
(D) Vasculatures in inguinal white and interscapular brown
adipose tissue (paraffin section) were revealed by isolectin
staining (brown). Nuclei were counterstained with hema-
toxylin (blue). Scale bars, 50 mm.
(F) Quantification of average size of adipocytes of mice
exposed to 4C or 30C for 5 weeks. Data represent
means ± SEM from eight to ten samples from four mice
in each group.
(G) Quantification of numbers of isolectin-positive vessels
per adipocyte of inguinal and interscapular adipose
tissues of mice exposed to 4C or 30C for 5 weeks.
Data represent means ± SEM from eight to ten samples
from four mice in each group.
(H) Quantification of CD31+ vascularization areas (10 3
objective) of inguinal and interscapular adipose tissues
of mice exposed to 4C or 30C for 5 weeks. Data repre-
sent means ± SEM from eight to ten samples from four
mice in each group.
moneutral temperature of 30C. A large increase
in vascularization was observed macroscopi-
cally in both inguinal and subaxillary adipose
tissues of mice exposed to 4C, as compared
to the situation in controls (Figure 1A, arrows).
Histological examination of the inguinal adipose tissue of the
cold-acclimated mice demonstrated the development of a
moreBAT-likephenotype in theWATdepots, in that the tissueex-
hibited a reduction in the size of the lipid depots and the average
size of the adipocytes and amoremultilocular appearance of the
cells (Figure 1B, compare with interscapular BAT on right). The
adipocytes contained dense cytoplasmic contents, probably
due to an increased number of mitochondria. As expected, the
interscapular BAT also underwent dramatic alterations due to
cold acclimation, and the brown adipocytes similarly showed
increased cytoplasmic contents and markedly decreased fat
droplet size (Figure 1B). Indeed, immunostaining showedmarked
increases of the mitochondrial content in both WAT and BAT
during cold acclimation (Figure 2C), and quantification of the total
mitochondrion-positive signals, as well as of the cytochrome-
c-oxidase content, showed statistically significant increases
(Figures 2D and 2E).
In accordance with its macroscopic appearance (Figure 1A),
immunohistochemical analysis of inguinal WAT with an anti-
CD31 antibody revealed significant increases in vascularity after
cold acclimation (Figure 1C). Similarly, a considerable increase in
microvessel density was detected in BAT after 5 weeks of expo-
sure to cold (Figures 1E and S1A and S1B available online).
Increases in WAT microvessel density were readily detectable
already after 1 week of exposure to cold and were principally
proportional to acclimation temperature (Figures S1A and
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tissues with isolectin and with CD34, two additional endothelial
cell-specific markers. In general, isolectin- and CD34-positive
signals showed almost completely overlapping signals with the
CD31-positive signals (Figure S1C). Quantitative analysis
showed that the vascularization areas in the inguinal and inter-
scapular adipose tissues of the cold-acclimated mice were all
markedly increased as compared to those of the controls
(Figure 1H).
Although the average sizes of the adipocytes in WAT and BAT
were decreased on cold acclimation (Figure 1F), the increase of
vascular density did not only result from a decrease in adipocyte
size. Rather, correlation of the total number of adipocytes andmi-
crovessels showed that the vessel density per adipocyte was
significantly increased in bothWAT and BAT following cold accli-
mation (Figures 1D and 1G), indicating that active angiogenesis
might be involved in increasing the microvessel density. These
findings demonstrate that cold triggers angiogenesis not only in
classical BAT depots but also in what has been classically
considered to be a WAT depot, the inguinal depot.
Actively GrowingAngiogenic Vessels in Adipose Tissues
To study whether the adipose vasculature was actively prolifer-
ating during cold acclimation, inguinal adipose tissue sections
were double stained with antibodies against the endothelial
cell marker CD31 and against the marker of proliferating cells,
Ki67. In animals at 30C, practically no cells stained for prolifer-
Figure 2. Proliferating Angiogenic Vessels and
Increases of Mitochondria
(A) Inguinal WAT from mice exposed to cold for 1 week or
maintained at 30C were double stained with CD31-
specific (red) and Ki67-specific (green) antibodies and
counterstained with DAPI (blue). Arrows point to overlap-
ping double-positive signals of proliferating endothelial
cells in angiogenic microvessels. Scale bar, 50 mm.
(B) Quantification of CD31 and Ki67 double-positive
signals. Data represent mean determinants of eight to
ten samples (± SEM).
(C) Mitochondria (red) and nuclei (blue) in inguinal white
and interscapular brown adipose tissue were double
stained with prohibitin antibody and DAPI.
(D) Quantification of prohibitin-positive signal in inguinal
white and interscapular brown adipose tissue. Data repre-
sent mean determinants of eight to ten samples (± SEM).
(E) Quantification of amount of COX4 in white and brown
adipose tissues. Data represent mean determinants of
four mice in each group (± SEM).
ation (Figure 2A), but, in sections from animals
cold exposed for 1 week, a significant number
of proliferating endothelial cells were detected
in angiogenic vessels. These observations are
quantified in Figure 2B, showing an 4-fold
increase in proliferating angiogenic microves-
sels. These findings demonstrate that endothe-
lial cell proliferation contributes to the
cold-induced angiogenic phenotype.
The VEGF receptors, VEGFR1 and VEGFR2,
were both very highly expressed in the adipose
tissue vasculature (Figure S3A). Although, in general, these two
receptor molecules were colocalized in microvessels, they
were also differentially distributed, with VEGFR1 showing a
broader expression pattern than VEGFR2. Quantification of the
receptor expression by real-time PCR did not reveal significant
changes in expression levels of VEGFR1 and VEGFR2 in the
adipose tissues following cold exposure (Figures S3B and
S3C). The high expression levels of VEGF receptors in the endo-
thelial cells (and the induced expression of VEGF [Figure 3B
and Asano et al., 1997]) point to VEGF signaling as a potential
mediator of the cold-induced angiogenesis in the tissue.
Upregulation of VEGF and Downregulation
of Thrombospondin
As the induced angiogenesis was very marked in the inguinal
depot, we chose to study the molecular mechanisms inducing
the angiogenic switch in this tissue in greater detail. We per-
formed Affymetrix gene array analysis of inguinal WAT of mice
exposed at 4C for 1 week and 5 weeks. Principal component
and gene cluster analyses showed that gene expression profiles
were highly reproducible within each group consisting of
samples from three mice in each of four conditions: 4C for
1 week, 4C for 5 weeks, and their controls remaining at 30C
for an additional 1 week and 5 weeks (Figures S2A and S2B).
As the data from the two control groups remaining at 30C
were practically identical, they were treated statistically as one
group in the following analyses.
Cell Metabolism 9, 99–109, January 7, 2009 ª2009 Elsevier Inc. 101
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gene groups, cold acclimation led to a maintained increased
expression at 1 and 5 weeks or to a maintained repression; in
others, there was a clear increase or decrease after 1 week that
then, after 5weeks, tended tobe regulatedback toward the levels
seen in the 30C-exposed mice (Figures S2A and S2C).
Figure 3A compiles the 30 most upregulated genes in the
inguinal adipose tissue after 1 week of exposure to cold. It is note-
worthy that the four most upregulated genes were Ucp1, Elovl3
(elongation of very long-chain fatty acids), Fabp3 (muscle and
heart fatty acid binding protein), and Cpt1b (muscle-type carnitine
palmitoyl transferase1),which are all stronglyassociatedwithBAT
as compared to WAT (Cannon and Nedergaard, 2004; Daikoku
et al., 1997, 2000; Tvrdik et al., 1997). The expression levels of
UCP1, the BAT marker gene, were increased more than 500-fold
as compared to the expression in the tissue of 30C-exposed
mice, as also validated by northern blot (Figures 3E and 3G).
Angiogenesis-annotated genes regulated by cold exposure
have been compiled in Figure 3B. Several of these genes showed
a remarkable transient expression pattern. Thus, VEGF (gene
name Vegfa) was significantly upregulated after 1 week of expo-
sure to cold, and the expression then returned to initial values by
5 weeks (Figure 3B; validated and quantified by northern blot in
Figures 3E and 3F).
PGC-1a has been shown to directly activate VEGF expression
at the transcriptional level via an HIF-independent pathway
Figure 3. Gene Expression Analysis
Messenger RNAs extracted from inguinal WAT
exposed to cold or 30C for 1 or 5 weeks were used
for Affymetrix array (A and B), qRT-PCR (C and D),
and northern blot (E–G) analyses.
(A) The top 30 most upregulated genes after 1 week
were listed according to relative induction levels.
30C is a combination of data from 1 week and
5 weeks.
(B) Significantly regulated angiogenesis modulators
were compiled. Note scale as compared to (A).
(C and D) Downregulation of thrombospondin Tsp (C)
and upregulation of PGC1a (D) expression levels
were validated by qRT-PCR. Data are means ± SEM
from four to seven mice in each group.
(E–G) Expression levels of UCP-1 and VEGF validated
and quantified by northern blot analysis. In (E), lanes
1–3, 4–6, 7–9, and 10–12 represent triplicate mice of
each group. Data are means ± SEM from three mice.
(Arany et al., 2008). Thus, it is noteworthy
that a marked increase in PGC-1a gene
expression was detected after 1 week of
exposure to cold and this expression was
also transient (Figure 3B). This significant
elevation of PGC-1a was further validated
by qRT-PCR (Figure 3D). In contrast, the
expression of thrombospondin (gene name
Tsp), an endogenous angiogenesis inhibitor,
was significantly downregulated both after
1 week and after 5 weeks of cold exposure
(Figure 3B and validated by qRT-PCR in
Figure 3C).
Taken together, these findings demonstrate that the cold stim-
ulus triggers an angiogenic switch by inducing upregulation of
proangiogenic factors and simultaneous downregulation of
endogenous angiogenesis inhibitors not only in conventional
BAT depots but also in WAT depots.
Cold-Induced Angiogenesis Is Hypoxia Independent
Angiogenesis is often initiated by tissue hypoxia. In the inguinal
adipose tissue, the angiogenesis developing during cold expo-
sure could be a consequence of tissue hypoxia, resulting from
the markedly increased metabolism expected to occur due to
the appearance of BAT thermogenic characteristics in the tissue
(e.g., increased mitochondrial density and presence of UCP1)
(Figures 2D, 2E and 3) and the observation that HIF2 (Epas1)
expression was elevated (Figure 3B).
The presence of hypoxia was investigated by Hypoxyprobe
staining during the initial phase of cold exposure, a time when
the most dramatic development of hypoxia could be anticipated
to initiate the angiogenic response, the result ofwhichwould then
become visible after 4–5 weeks in the cold. In both the inguinal
adipose tissue and BAT, there was no evidence of hypoxia in
the tissues obtained from animals living at 30C (Figures 4A
and 4B). However, in both the inguinal tissue and BAT of mice
exposed to 4C, there was clear evidence of hypoxia (Figures
4A and 4B), as would be expected, at least concerning BAT
(Foster and Frydman, 1978).
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thermogenesis) that occurs in wild-type mice is fully dependent
on the presence of the brown-fat-specific uncoupling protein
UCP1 (Golozoubova et al., 2006; Matthias et al., 2000). In UCP1
knockout (UCP1/) mice, there should, therefore, be minimal
hypoxia in adipose tissues, even in the cold. If angiogenesis is
a result of tissue hypoxia, it should be correspondingly dimin-
ished in the UCP1/ mice. Therefore, UCP1/ mice were
exposed to cold, and tissue hypoxia and angiogenesis were
examined in both inguinal and interscapular adipose tissues. In
the tissues of the UCP1/ mice at 30C, no indications of
hypoxia were evident (Figures 4A and 4B). However, also in the
tissues from UCP1/ mice at 4C, there was no evidence for
hypoxia in the parenchymal cells. Thus, there was a clear qualita-
tive difference in cold-induced hypoxia between the wild-type
and the UCP1/mice.
Notably, in spite of this clear difference in hypoxia, at the end of
the cold acclimation period, UCP1/ mice exhibited a vascular
phenotype in bothWATandBATsimilar to that seen in the tissues
of wild-type mice (Figures 4C and 4D). At this time point, the
density of angiogenic vessels in both WAT and BAT was nearly
indistinguishable between the UCP1/ and the wild-type mice
Figure 4. Angiogenic Phenotypes of Adipose Tissues in
UCP1/ Mice and Tissue Hypoxia
(A and B) Cold-induced hypoxia in inguinal adipose tissue (A) and
BAT (B) of wild-type and UCP1/mice. Mice were maintained at
30C or exposed to 4C for 1 week and examined for hypoxia as
described in Experimental Procedures. Hypoxic areas are stained
brown on a hematoxylin counterstained blue background. Scale
bar, 50 mm.
(C and D) Microvascular networks in inguinal WAT (C) and inter-
scapular BAT (D) of wild-type and UCP1/ mice exposed to
4C for 5 weeks or maintained at 30C were revealed by an anti-
CD31 antibody. Scale bar, 50 mm.
(E and F) Quantification of vascularization areas (203 objective) of
inguinal (C) and interscapular (D) adipose tissues. Data represent
mean determinants of eight to ten samples (± SEM).
(Figures 4E and 4F). This strongly suggests that the
cold-induced angiogenesis occurred through a
hypoxia-independent mechanism.
Angiogenesis Is Inhibited by VEGFR2 Blockage
We demonstrated above an increased expression of
VEGF and a high density of both VEGF receptors 1
and 2 in inguinal WAT during cold exposure. To inves-
tigate whether the VEGF-induced signaling pathway is
functionally required for and causative of the cold-
induced angiogenic switch, we used VEGFR neutral-
izing antibodies and small tyrosine kinase inhibitors
to block this pathway (McGrath-Morrow et al., 2005).
Thus,micewere repeatedly injectedwith neutralizing
antibodies against VEGFR2 or VEGFR1 during the cold
exposure. In the adipose tissues of the anti-VEGFR2-
treated mice in the cold, the density of CD31-positive
blood vessels remained at the same level as that of
the adipose tissues of the mice at 30C (Figure 5).
Thus, VEGFR2 blockage virtually completely pre-
vented the cold-induced angiogenesis in both inguinal
WAT and interscapular BAT, and a VEGFR2-mediated angio-
genic signal was, therefore, ubiquitously required for the
cold-induced angiogenic switch in all adipose tissues studied.
Confirmation of the significance of this pathway was obtained
by using a VEGFR tyrosine kinase inhibitor, sunitinib (sutent)
(Motzer et al., 2007). This inhibitor also effectively blocked the
cold-induced angiogenic switch in both WAT and BAT (Fig-
ure S4). These findings, thus, validate the crucial role of the
VEGF signaling pathway in the regulation of adipose tissue
angiogenesis in this system.
In striking contrast to the effect of VEGFR2 blockage, inhibition
of VEGFR1 signaling by a neutralizing antibody significantly
enhancedangiogenesis inbothWATandBAT, suggestinganega-
tive role of VEGFR1 signaling in regulation of adipose angiogen-
esis (Figure 5). The circulating level of soluble VEGFR1 (sVEGFR1)
was upregulated after long-term exposure to cold, suggesting
that inhibition of VEGF function is at least a mechanism partially
responsible for downregulation of angiogenesis (Figure S5).
To confirm that the antibody treatments did not have local
effects on the adipocytes but only influenced the microvessel
development, cytochrome-c-oxidase and UCP1 protein levels
were determined (Figure S6). The treatments did not interfere
Cell Metabolism 9, 99–109, January 7, 2009 ª2009 Elsevier Inc. 103
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Hypoxia-Independent Angiogenesis in Adipose TissueFigure 5. Effects of Anti-VEGFR Antibody Treatment on Vascularization
(A and B) Mice exposed to 4C for 1–4 weeks were treated with anti-VEGFR1 (MF1) or anti-VEGFR2 (DC101) neutralizing antibodies, and the vascularization of
inguinal WAT (A) and interscapular BAT (B) was studied. Microvascular networks were revealed by the CD31 staining. Scale bar, 50 mm.
(C and D) Quantification of vascularization (203 objective) of inguinal WAT (C) and interscapular BAT (D) after 1 week and 4weeks of treatment. Data aremeans ±
SEM from eight to ten samples (four mice per group).with the cold-induced recruitment of these mitochondrial
proteins in the inguinal WAT or with the UCP1 induction.
Thus, these data demonstrate that VEGFR1 and VEGFR2
display opposing angiogenic effects in adipose tissues during
cold acclimation: initial stimulation through VEGFR2 and
possibly subsequent inhibition through VEGFR1.
VEGFR1 and R2 Blockage Affects Adipose
Tissue Metabolism
During the treatments, we observed that the VEGFR2 antibody
induced behavioral alterations in the mice. In the cold, the
VEGFR2-antibody-treated mice accumulated significantly more
nest materials than did the controls and the VEGFR1-treated
mice (Figure 6A). Further, the VEGFR2-antibody-treated mice
tended not to leave their nests (Figure 6B and an example shown
in Movie S1), and they seemed to be shivering in the cold, in
contrast to the controls and the VEGFR1-treated mice (also
observable on the movie).
These changes in response to cold suggested that inhibition of
angiogenesis by VEGFR2 blockage might have influenced the
ability of mice to satisfactorily develop the capacity for and to
utilize NST. The capacity for NST can be estimated by measure-
ment of the norepinephrine (NE)-stimulated increase inmetabolic
rate (Cannon and Nedergaard, 2004). In the buffer-treated
(control) mice, we observed the expected increase in the magni-
tude of this response caused by acclimation to cold (Figure 6C).
Significantly, the anti-VEGFR2-treated group showed both104 Cell Metabolism 9, 99–109, January 7, 2009 ª2009 Elsevier Inc.a lower and a delayed response to the NE injection, establishing
that inhibition of neovascularization leads to a diminished
capacity for NST and can thus explain the altered behavior in
the cold of this group of animals.
Notably andsurprisingly, themagnitudeof the response in anti-
VEGFR1-treatedmice was greater than that of the buffer-treated
animals.While this is consistent with the negative role of VEGFR1
in regulation of angiogenesis (Figure 5), it unexpectedly indicates
that, underphysiological conditions, the thermogenic response is
limited by the magnitude of the angiogenic response to cold.
DISCUSSION
The plasticity of adipose tissues requires constant growth,
regression, and remodeling of blood vessels (Dallabrida et al.,
2003; Hausman and Richardson, 2004). It has been speculated
that growth and regression of the adipose vasculature are regu-
lated by metabolites secreted from adipose tissue and, thus,
may be considered as secondary adaptive events dependent
onmetabolic status (Trayhurn et al., 2008; Xue et al., 2008). Alter-
natively, angiogenesis may play an active role in modulation of
adipogenesis and obesity, and the angiogenic switch is regu-
lated by adipokines and the nerves (Cao, 2007). The present
study addresses this issue, in that we have examined the control
of angiogenesis during cold acclimation in two depots of adipose
tissue with different metabolic characteristics: BAT as found in
the interscapular depot and a transforming white adipose tissue,
Cell Metabolism
Hypoxia-Independent Angiogenesis in Adipose Tissuethe inguinal depot, which develops BAT characteristics during
cold acclimation.
Cold-Induced Vascularization in All Examined Adipose
Tissue Depots
Due to the extremely high demand for oxygen during active ther-
mogenesis, the blood flow to the BATmay reach 1ml per g tissue
per second (Foster and Frydman, 1978). Thus, it is not surprising
that this tissue is highly vascularized, and we found here both
a very high degree of vascularization already in control animals
and a significant increase due to cold acclimation (Figure 1),
principally in agreement with earlier observations (Bukowiecki
et al., 1980; Fawcett, 1952).
A large increase in vascularization was also seen in the inguinal
adipose tissue depot (Figure 1C). As this depot shows a marked
transformation from being ‘‘white’’ to displaying ‘‘brown’’ char-
acteristics during cold exposure (Loncar, 1991), including the
expression of UCP1 and a series of other brown-fat-associated
genes (Elovl3, Fabp3, and Cpt1b, as well as Pgc-1a) (Figure 3A),
the tissue may become highly metabolically active in the cold.
Cold Exposure Regulates Expression Levels
of Angiogenesis-Associated Genes
In agreement with our observation that the inguinal adipose
tissue reacted markedly to the cold exposure, we also found
Figure 6. Behavioral and Metabolic Responses of Mice Treated with
Anti-VEGFR Antibodies
Mice were exposed to cold and treated with antibodies against VEGFR1 or
VEGFR2 for 4 weeks, as in Figure 5.
(A) Weights of the nests made by the animals. Values are means ± SEM of four
nests from as many animals in each group.
(B) Percentage of the time staying in nests. Values are means ± SEM of three
individual mice in each group.
(C) Metabolic response to norepinephrine (NE) injection. Anaesthetized mice
were acutely transferred to a metabolic chamber at 33C and injected as
described in Experimental Procedures. Values are means ± SEM based on
results from four animals in each group.Cclear evidence for altered expression of angiogenesis-related
genes in the tissue. Particularly, the expression of the proangio-
genic protein VEGF was transiently upregulated in the cold,
whereas the antiangiogenic protein thrombospondin was down-
regulated (Figure 3). The crucial role of VEGF in switching on the
angiogenic phenotype in both inguinal adipose tissue and BAT
was demonstrated by the fact that VEGFR2 blockage fully in-
hibited the cold-induced angiogenesis in both tissues (Figure 5).
Thus, this identifies the expression level of VEGF as a deter-
mining factor for the angiogenic process, and the events defining
the expression of VEGF and the angiogenic process were,
therefore, further examined.
Cold-Induced Vascularization Is Not Caused
by Tissue Hypoxia
Both the observations above and literature in general (Pouysse-
gur et al., 2006) strongly suggest hypoxia as a main causative
factor for angiogenesis in general and for VEGF gene expression
in particular. Thus, it was of importance to examine the role of
hypoxia for the induced vascularization in the adipose tissues.
Despite the high degree of vascularization, the blood leaving
the BAT during activated thermogenesis has been described
and measured to be practically oxygen depleted (Foster and
Frydman, 1978), and it may, thus, be envisaged that the tissue
would become largely hypoxic during thermogenesis. Indeed,
we present here evidence that this is the case: nearly all cells
in the adipose tissues from animals in the cold demonstrated
hypoxia (Figure 4B). Thus, it could have been envisaged that
the hypoxia causes the increased vascularization in the tissue
in the cold-exposed animals.
In the model studied here, we have an opportunity to specifi-
cally examine the significance of the observed hypoxia for the
induced angiogenesis. This is because, in both BAT and the
inguinal adipose tissue, the hypoxia would be expected to result
from stimulation of the activity of the uncoupling protein UCP1 in
themitochondria of the adipocytes. UCP1 is essential for thermo-
genesis in these tissues; in the absence of UCP1, isolated brown
adipocytes cannot produce heat (Matthias et al., 2000), and
UCP1/ mice completely lose their ability to recruit NST for
heat production (Golozoubova et al., 2001), as well as to recruit
adrenergic thermogenesis (Golozoubova et al., 2006). Thus,
provided that UCP1 activity is the background for the hypoxia
observed in the tissues, hypoxia should be eliminated in UCP1-
ablated mice and, in consequence, also the angiogenic process.
Fully in agreement with these expectations, no hypoxia was
observed in the adipose tissues of UCP1-ablated mice (Figure 4).
However, most notably, the angiogenic process was unaffected
by the absence of UCP1 and, thus, of hypoxia. Therefore, the
cold-induced angiogenesis was not caused by hypoxia and
could, thus, notbecausedby theclassicalHIF-mediatedpathway
for induction of VEGF gene expression (Pouyssegur et al., 2006).
Control of VEGF Expression in Adipose Tissues
An alternative to hypoxia-induced VEGF gene expression in both
BAT and WAT is a process demonstrated to be induced by NE
and mediated via cAMP (Fredriksson et al., 2000; Mick et al.,
2002) (Figure 7). There is good reason to assume that this
pathway is the one responsible for the induced angiogenesis
observed here in both BAT andWAT. Primarily, this is, of course,ell Metabolism 9, 99–109, January 7, 2009 ª2009 Elsevier Inc. 105
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(Figure 4) (although simulated hypoxia can also induce VEGF
gene expression in brown adipocytes [Fredriksson et al.,
2000]). Second, it is well accepted that there is an increased
sympathetic activity in BAT depots in cold-exposed animals
(Young et al., 1982), and there is recent evidence that this is
also the case in white depots, such as the inguinal (Brito et al.,
2008). Third, it has been demonstrated that the cold-induced
increase in VEGF gene expression in BAT occurs equally well
in UCP1/ mice; thus, VEGF expression is not secondary to
hypoxia (Fredriksson et al., 2005).
The increased adrenergic stimulation, acting through
increased cAMP levels, could also adequately explain the repres-
sion of thrombospondin expression; at least in another tissue,
thrombospondin expression is downregulated by a cAMP-medi-
ated mechanism (Vandeput et al., 2005).
Transient Angiogenesis
Although thermogenesis in the cold is a chronic process, the
phase of induced angiogenesis in the adipose tissues must be
a transient process during which a new steady-state level of
vascularization is established, relevant for the new metabolic
demands on the tissues. In agreement with this, the expression
patterns of angiogenic factors were transient (Figure 3). Thus,
the mRNA level of the proangiogenic factor VEGF was increased
only in the first phase of cold acclimation. The regulation of this
transient expression is not known. Sympathetic activity is
constant during cold exposure (Young et al., 1982); nonetheless,
VEGF gene expression is decreased with time (Asano et al.,
1997; Fredriksson et al., 2000). A similar transient regulation
occurs for tissue recruitment in general, where cell proliferation,
Figure 7. Schematic Representation of Possible Angio-
genic Signaling Pathways in Adipose Tissue
Cold activates sympathetic nervous activity that leads to
increased levels of NE, cAMP, PGC-1a, and VEGF. The elevated
levels of VEGF in the cold-exposed adipose tissue lead to activa-
tion of VEGFR2 that transduces positive angiogenic signals in
endothelial cells. In contrast, the VEGFR1-mediated signaling
pathway might inhibit angiogenesis in the adipose tissue. Ulti-
mately, these two VEGFR-mediated signaling pathways lead to
opposing effects on adiposemetabolism. Switching to angiogenic
phenotype in the cold-exposed adipose tissue requires simulta-
neous upregulation of VEGF and probably downregulation of
angiogenesis inhibitor such as thrombospondin (TSP).
differentiation, and mitochondriogenesis also reach
a new, higher steady-state level after 3–5 weeks expo-
sure to cold, in spite of the constantly elevated sympa-
thetic activity.
In this context, it is noteworthy that a novel pathway
for induction of VEGF gene expression has recently
been suggested, mediated by PGC-1a (Arany et al.,
2008). As originally presented, this pathway, similarly
to the classical HIF pathway, is induced by hypoxia,
and it is, thus, in this respect not relevant for the induc-
tion of VEGF expression discussed here. However, in
that suggestion, the downstream effects of PGC-1a
on VEGF gene expression are not dependent on
hypoxia. Independent from hypoxic regulation, it is well known
that PGC-1a expression is regulated by sympathetic activity in
BAT and shows transient upregulation by NE in cultures of brown
adipocytes (Petrovic et al., 2008). Since we found that PGC-1a is
transiently increased during the time when the proangiogenic
factors are increased (Figure 3), this increased level of PGC-1a
may well be responsible for the increased VEGF expression
seen during the angiogenic process.
After prolonged cold acclimation, antiangiogenic factors must
be induced to maintain the new steady state. There is, for
example, an increase in soluble VEGF receptor 1 protein, which
probably acts as a competitive binding protein (decoy) for
released VEGF (Figure S5). Spatiotemporal and dynamic regula-
tion of angiogenesis modulators is probably a part of the physi-
ological mechanisms for switching off angiogenesis in order to
prevent overneovascularization in adipose tissues.
Opposing Roles of VEGFR 1 and 2 in Modulating
Adipose Angiogenesis
One of the most intriguing findings in our study is the demonstra-
tion at both morphological and physiological levels of the
mutually opposing roles of VEGF receptors 1 and 2 in the control
of angiogenesis in the adipose tissues. These receptors are ex-
pressed mainly on the endothelial cells in the adipose tissues
(Figure S3A).
The effect of treatment with neutralizing antibodies against
each of these two receptors shows dramatically their opposing
effects on vascularization. VEGFR2 blockage totally abolished
the cold-induced increase in vascularization, principally in
agreement with other reports demonstrating that the VEGFR2-
mediated signaling pathway is essential for VEGF-triggered
106 Cell Metabolism 9, 99–109, January 7, 2009 ª2009 Elsevier Inc.
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produced the opposite effect on adipose tissue angiogenesis:
significantly increased levels of neovascularization were de-
tected in the adipose tissues examined, suggesting that VEGFR1
could downregulate angiogenesis by acting as a decoy receptor
for VEGF-induced angiogenesis (Figure 7). Indeed, several
published studies demonstrate a negative role of VEGFR1 in
transducing angiogenic signals (Meyer et al., 2006).
Consistent with their opposite roles in regulation of adipose
angiogenesis, blockage of VEGFR1 and VEGFR2 also produces
counteracting behavioral and metabolic effects (Figure 6). The
anti-VEGFR2-treated animals appeared to rely on alternative
mechanisms to defend their body temperature in the cold;
increased external insulation (nest size) and muscular shivering
are such mechanisms, as well as decreased exposure to the
cold (remaining in nest). In contrast, the response to NE in the
anti-VEGFR1-treated animals that had increased vascularization
was both more rapid and larger than in the untreated mice. It is
physiologically remarkable that the thermogenic capacity of
the BAT in cold-acclimated animals is, thus, normally limited
by the degree of vascularization.
Conclusions
We present here an example of how manipulation of angiogen-
esis affects adipose tissue metabolism and alters animal
behavior (Figure 7). Thus, angiogenesis plays a crucial role in
regulation of adipogenesis and energy expenditure, and inter-
vention in adipose angiogenesis might be an important
approach for the treatment of obesity and diabetes. Particularly,
since this vascularization is not under the control of hypoxia and
is thus not secondary to metabolism but is in all likelihood
sympathetically regulated, the present data point to possibilities
to affect adipose tissue angiogenesis in a health-promoting
way.
Most obesity described is associated with low sympathetic
activity (Bray and York, 1998). We indicate here a further conse-
quence of such low adrenergic activity: decreased angiogenesis.
Thus, increased adrenergic stimulation may counteract obesity
and obesity-associated morbidities in concordant ways:
increased adrenergic stimulation will increase vascularization in
WAT, leading to less hypoxia and, thus, to diminished inflamma-
tion, thereby ameliorating the consequences of obesity, and it
may recruit and activate BAT, thus allowing increased thermo-
genesis as a means to counteract the development of obesity.
EXPERIMENTAL PROCEDURES
Animals, Cold Exposure, Tissue Collection, and Histology
All animal studies were approved by the North Stockholm Animal Ethics
Committee. Male mice, 6- to 8-week-old, of the C57/Bl6 strain, which had
been maintained at 22C, were divided into groups. Some mice were adapted
at 18C for 1–3 weeks before being transferred to 4C for 1–5 weeks. Other
mice were directly transferred to 30C and maintained at this temperature in
parallel with the cold-exposed mice. The UCP1/ mice used were on
a C57/Bl6 background.
The animals were killed by CO2 anesthesia and cervical dislocation, and
inguinal WAT and interscapular BAT were immediately dissected out. For
RNA isolation, tissues were immediately stored in liquid nitrogen and were
subsequently transferred to 80C until further use. For histological analysis,
tissues were fixed with 4% paraformaldehyde overnight, and tissue samples
were transferred into phosphate-buffered saline (PBS), followed by embed-Cding in paraffin or continued for immunohistochemical analysis as detailed in
the Supplemental Data.
Affymetrix Gene Array Analysis
Total RNA was extracted with Ultraspec (Biotex, Houston, TX) from inguinal
WAT of animals kept at 30C or 4C for 1 or 5 weeks in triplicates. Samples
were labeled using a standard method as previously described (Wodicka
et al., 1997). A triplicate of each group was used for gene expression analysis.
The labeled samples were analyzed using the Mouse Genome 430 2.0 array
system (Affymetrix) as detailed in the Supplemental Data. The data set has
been submitted to the Gene Expression Omnibus (GEO) with accession
GSE13432. Quantitative real-time PCR and northern blots for verification of
gene array results were performed as detailed in the Supplemental Data.
Hypoxia Analysis
Tissue hypoxia in adipose tissues was measured according to a standard
protocol using Hypoxyprobe-1 Plus kit (Chemicon, Temecula, CA). Briefly,
Hypoxyprobe-1 at a dose of 60 mg/kg body weight was intravenously injected
intomice from each group (four mice per group). At 2 hr after injection, themice
were sacrificed. Adipose tissues were immediately dissected, fixed in ice-cold
4% paraformaldehyde overnight, and continued for immunohistochemical
analysis.
Anti-VEGF Treatments
Male mice, 6- to 8-week-old, were randomly divided into four groups (four
animals per group) and acclimated at 30C. Three groups were exposed to
18C for 1 week and then to 4C. MF1 or DC101 at the known effective dose
of 800 mg/mouse (Izumi et al., 2003; Wang et al., 2004) was intraperitoneally in-
jected on Monday and Thursday into the mice. Control groups were injected
with saline. Injectionswere started on the same date as themicewere exposed
to 4C and carried out for a total of 4 weeks. The experiments were repeated
twice, and mice were killed at the end point of the experiments for immunohis-
tological (one series) or metabolic (another series, see below) analysis.
Indirect Calorimetry
After 4 weeks of treatment with anti-VEGFR agents, oxygen consumption was
measured using an open-circuit system (Somedic INCA, Ho¨rby, Sweden) as
previously described (Golozoubova et al., 2006). To measure NST capacity,
animals were anaesthetized with pentobarbital (90 mg/kg, i.p.), and oxygen
consumption followed for 30 min at 33C to obtain values for resting metabolic
rate. The mice were then injected with NE (1 mg/kg, s.c.) in saline, and oxygen
consumption was measured for another 90 min, as detailed in Golozoubova
et al. (2006).
ELISA
Circulating levels of soluble VEGFR1 were quantified using a sensitive ELISA
kit according to the manufacturer’s instruction (R&D Systems, MN, USA).
Statistical Analysis
Statistical analysis of the in vitro and in vivo results was made by a standard
two-tailed Student’s t test using Microsoft EXCEL 2003.
ACCESSION NUMBERS
The data set has been submitted to the Gene Expression Omnibus (GEO) with
the accession number GSE13432.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, six
figures, one table, and one video and can be found with this article at http://
www.cell.com/cell-metabolism/supplemental/S1550-4131(08)00361-6.
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